ABSTRACT: Ion mobility and mass spectrometry techniques are used to investigate the stabilities of different conformations of bradykinin (BK, Arg
we find evidence for a conformationally regulated proton-transfer event that spontaneously cleaves the Pro 2 -Pro 3 peptide bond with perfect specificity, leading to the smaller, seven-residue BK (3−9) species. This is a remarkable finding. In their comprehensive 1995 review, "Proline motifs in peptides and their biological processing," Scharpe and co-workers emphasize, "the bond between two Pro residues, when not positioned at the Nterminus, possess a high degree of resistance to any human proteolytic enzyme." 5 Resistance arises because dipeptidyl peptidase IV (DPP-IV) cannot directly cleave Pro-Pro bonds. 5 Instead, biological processing of N-terminal residues of BK is initiated by aminopeptidase P elimination of Arg 1 , and the remaining BK (2−9) sequence is then susceptible to DPP-IV processing. 5 Below, we show that the most difficult bond to cleave enzymatically is intrinsically not only most facile, but uniquely specific and cleaved with 100% efficiency in the absence of enzymes. A comparison of our mechanism for spontaneous cleavage of free BK in solution with proposed enzymatic mechanisms suggests that the difference lies in the cis−trans configuration of Arg . The ability to follow detailed configurational changes that lead to peptide processing in the absence of enzymes provides a new means of understanding the role of peptidases and the importance of conformational changes in biological processing.
BK possesses hypotensive activity 6 and is involved in numerous physiological conditions, including pain and inflammation. 7−9 Structural studies show that conformations of BK depend upon its environment. 10 C-terminal Ser 6 -Arg 9 forms a stable turn in polar solvents. 11 However, each proline can adopt either cis or trans configurations leading to multiple structures that are difficult to characterize, 12 and some to conclude that the N-terminal region of BK is unstructured. 13, 14 Figure 1 shows typical mass spectra recorded using our T-ESI-IMS-MS 4 (3−9) +2H] 2+ product with ∼100% efficiency.
Of immediate interest is the slow protonation reaction. Such a slow transfer of a proton, the lightest and fastest chemical moiety, suggests that a key barrier must regulate protonation. A clue about this barrier comes from a recent study of polyproline-7 showing that a cooperative cis → trans isomerization of all peptide bonds was responsible for regulating the slowest proton transfer reaction ever measured. 17 The slow protonation event observed here suggests a similar configurational change may regulate this system. This structural transition can be directly tested for BK by examining IMS cross section distributions shown in Figure 2 . The mobility of an ion through a buffer gas, under the influence of a weak field, depends on its collision cross section with the buffer gas. 18 23 The Arg 1 -Pro 2 DKP species is formed when the N-terminus is in close proximity to the carbonyl carbon between the second and third residues. Scheme 1 illustrates a simple mechanism of formation arising from nucleophilic attack of the amino terminus on the carbonyl carbon atom, 23 . Previous studies of a C-terminally amidated Ala-Pro-NH 2 dipeptide reported an overall reaction rate that is also limited by the trans → cis isomerization of the Ala-Pro peptide bond, 23 analogous to results reported here, and further corroborating our cis/trans configurational assignments. It is worth noting that this mechanism does not require the additional protonation event. Thus, the role of the third proton remains somewhat unclear; this change may be off pathway and unassociated with bond cleavage.
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Insight about how this occurs can be gleaned by modeling the experimental kinetics data shown in Figure 3 . This approach provides insights about the details of reaction pathways. 24, 25 We first assume a model reaction pathway and then write differential rate equations for the assumed process. Upon solving the system of differential equations at all times and optimizing this solution with respect to the experiment, we obtain kinetics curves for the model pathway that can be compared with the experiment.
Consider the model pathway shown by reaction 1: Fortunately, it is possible to calculate many different trial models. We have tested 34 possible model pathways (see Supporting Information). A representation of the quality of each of these processes (that include up to five intermediates and consider sequential and parallel pathways) is shown in Figure 3 as a residual sum of squares plot. From this analysis, we find that the best representation of experiment comes from a model pathway that includes a hidden intermediate 
Though the structures of these intermediates remain entirely uncharacterized, evidence for their existence from this analysis is remarkable, as it suggests a minimum number of large barriers (five) associated with spontaneous dissociation of BK. Thus, we note that although this process is spontaneous, it is not easy. Measurements and analysis of these kinetics at different solution temperatures (T = 55, 60, 65, 70, 75, and 78°C
) can be used to obtain Arrhenius plots (see Supporting Information), and from transition state theory we can estimate step-by-step thermochemistry associated with each of these barriers. This analysis for our best pathway (i.e., reaction 2) yields transition state free energies of ΔG ‡ = 93.1 ± 12.1, 94.8 ± 0.2, 94.0 ± 9.1, 93.9 ± 9.7, and 94.1 ± 9.2 kJ·mol −1 for each sequential step as reaction 2 progresses. When we partition the free energies into enthalpic (ΔH ‡ ) and entropic (ΔS ‡ ) terms, we find that the contributions of ΔH ‡ to the barriers for the (3−9) is nearly an order of magnitude more antigenic than the BK nonapeptide as well as the eight-residue BK (2−9) peptide. 26 Rather than form BK (3−9) enzymatically, BK can be processed by aminopeptidase P to form the eight-residue peptide (which lacks typical BK activity), followed by DPP-IV elimination of Pro 2 -Pro 3 , thus avoiding the antigenic repercussions associated with BK (3−9) formation.
Finally, it is important that while spontaneous Pro 2 -Pro 3 cleavage is favored intrinsically, this processing is slow. Biologically, the deleterious antigenic impact of spontaneous cleavage is avoided by rapid enzymatic degradation of the Arg 1 -trans-Pro 2 configured BK. Structural studies of penultimate proline containing peptides interacting with the DPP-IV enzyme show that the trans-Pro 2 -peptide is the bound form which leads to enzyme cleavage, 27 consistent with this idea. In this way, the biological processing mechanism naturally regulates antigenicity, as enzymatic degradation of BK leads to inactive species. 7, 28 ■ ASSOCIATED CONTENT 
